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Introduction
The design and modification of the tracked vehicle suspension system is now supported with the vehicle motion numerical simulations based on the principles of multibody dynamics. Such analyses make it possible to reduce experimental testing costs and shorten the time of the new product commercialization. In terms of the vehicle motion nature simulation, it is essential to take account of the impact of the track on the suspension system as this enables precise selection of the suspension components.
A conventional tracked vehicle suspension system incorporates not only metal elements but also bushings made of rubber or other materials [17] . The material diversity of subassemblies and the vehicle operation time make it difficult to determine the forces acting in the track segments. A change in parameters describing the phenomena occurring in this area (cf. Fig. 1 ) has a direct effect on the performance of the vehicle entire suspension system.
The system properties are also affected by the track wear level, which is difficult to assess. Depending on the manufacturer, the track service life is estimated at the level of about 2000 km. The environment of the track system operation is another significant factor. For example, high air dustiness increases the intensity of wear [9] .
According to [2] , the forces occurring in the track system can be identified through testing carried out on a test stand. A method of the track tension determination in real time is presented in [14] . The method finds application in active suspension systems. Identification of the properties of damping elements of the tracked vehicle suspension with the use of neural networks is presented in [21, 22] .
Sankar et al. [20] and Dhir & Sankar [7] developed a model for dynamic simulation of tracked vehicles with independent suspension, offering the possibility of using linear or nonlinear characteristics of spring and damping elements. A numerical simulation in the time domain makes it possible to improve the crew's comfort and safety by observing the suspension system performance. In [18] , optimization of the suspension system spring elements is taken into consideration, adopting the criterion of minimization of the driver's seat vertical acceleration values during 8-hour exposure to vibrations. Gregory M. Hulbert et al. [10] developed a method of the rocker design optimization using characteristics of the forces acting on the suspension node which are obtained from the vehicle simulation. In [16] , the methodology of modelling hybrid drive systems and elements of the tracked vehicle suspension is presented. Choi et al. [6] present the sciENcE aNd tEchNology method of modifying a four-wheeled armoured vehicle suspension to maximize the vehicle post-firing mobility, minimizing the driver's seat vertical acceleration at the same time. Issues related to the control of rotary shock-absorbers in the tracked vehicle suspension, aiming to improve the vehicle stabilization efficiency, are presented in [12] . The basic sources of dynamic loads acting on combat vehicles, resulting from off-road riding, firing the cannon, being hit by the enemy's projectile or the effect of explosives, are presented in [19] . The methodology of the tracked vehicle modelling using multibody dynamics simulations is applied in [13] , where results of a numerical analysis performed in the LMS Virtual.Lab Motion environment are presented and compared to experimental testing results. The assessment of the conditions of comfort of persons carried in selected special vehicles is presented in [11] . A failure to meet the criteria concerning the human body exposure to vibrations caused by the vehicle motion may lead to serious perception disturbances and hinder the crew's performance. In [3] a model is presented of controlling an active suspension system using the Linear Quadratic Regulator (LQR) technique to improve the crew's comfort. Report [15] makes a survey of the functionality of the vehicle motion modelling software using multibody dynamics simulations, where functions of programs facilitating the tracked vehicle model construction, together with the possibility of conducting an analysis taking account of the ground deformability, are described.
The authors of this paper put forward a method of estimating parameters describing the track system operation based on genetic algorithms and taking account of the vehicle kinematic quantities recorded during experimental tests. The issues presented herein comprise an analysis of the impact of contact forces in kinematic pairs between the track segments and of the effect of the track tension degree realized by the setting of the tensioning wheel. The final part of the paper presents the criterion for selecting optimum damping values of shockabsorbers installed in the vehicle under consideration (cf. Fig. 2 ).
Experimental testing
The aim of experimental tests of the vehicle passage over a field obstacle was to determine the trajectory of markers on the vehicle body (on the sprung mass). The tests resulted in characteristics of linear displacement, velocity and acceleration in points located on the body and marked as shown in Fig. 3 .
The tests were carried out using a prototype of the PT-91 Twardy vehicle. The photogrammetric method of image recording was applied using a PHANTOM V9.1 high-speed wide-angle lens camera. The vehicle mass during the experimental tests totalled 42600 kg estimated based on the lack of any equipment elements.
The tests included instances of passage over an obstacle (cf. Fig.  4 ) attacked by the vehicle with both tracks at the same time. The proposed variant of passing over the obstacle is used to identify the track system parameters. The obstacle geometry is created based on existing elements of a track intended for long-distance testing that will be the subject of further analyses in this respect. The tests were conducted at the vehicle speed of 4, 8 and 13 km/h. For statistical purposes, each run was repeated three times. Example results of the testing are presented and compared to the results of numerical analyses in section 5.
Tracked vehicle mathematical model
Based on geometrical data and mass-inertia parameters, a tracked vehicle model was constructed using the multibody dynamics simulation method implemented in the ADAMS package. The model takes account of the track system, the suspension subassemblies connected by kinematic pairs, spring and damping elements as well as the vehicle deflection limiters (Fig. 5) .
The dynamics of multibody systems in the MSC ADAMS environment is modelled by defining the coordinates of kinematic bodies and the type of kinematic constraints, as well as specifying mass-inertia parameters and parameters of contact between the system elements. Moreover, the computation process parameters are declared, such as: integration step, simulation time, initial velocity, etc.
The vehicle model is simplified by taking account of the longitudinal plane of symmetry. It is made of 118 non-deformable elements connected to each other by kinematic pairs into a kinematic chain.
The system theoretical mobility is determined using the Grübler-Artobolevsky formula for spatial systems:
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where: W t -system theoretical mobility, k -number of moving kinematic bodies, p i -number of i-th class kinematic bodies. Substitution of respective values gives the following result:
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The vehicle model created by means of the multibody dynamics simulation method requires a definition of generalized coordinates:
Kinematic bodies are limited by constraint equations which can be written as follows:
The motion equation written in the first-order Lagrangian formalism can be expressed using the following vector notation:
where: q -location vector, q̈ -acceleration vector, M -mass matrix, Φ q -matrix of partial derivatives, λ -column matrix of Lagrange multipliers, Q -vector of generalized forces.
Considering the transformations resulting from the occurrence of velocity constraints expressed as local coordinates γ = ( ) Φ in the equations, the expressions making up a system of the first-order Lagrangian equations can be presented in the following form:
The presented equations of the system motion constitute a system of differential-algebraic equations composed of first-order differential equations with an independent variable in the form of time and algebraic constraint equations. The system of equations is determined through numerical integration, i.e. the solution is found with set accuracy at discrete time instants. The most popular numerical integration method in the MSC ADAMS software package is based on the backward difference formula (the Gear algorithm). A detailed description of the mathematical model and of the methods of computing the vehicle kinematics and dynamics mechanisms applied in the MSC ADAMS software can be found in [1].
Estimation of the model parameters
One of the factors that have an impact on dynamics and the suspension system efficiency is the force acting on the vehicle wheels, which results from the track tension. The track tension is adjusted by changing the tensioning wheel position. It is also important to take account of the track wear, which is mainly due to the wear of rubber elements affecting the system performance.
Apart from the tensioning wheel setting, the track system properties within the model are described by the following quantities: linear stiffness and linear damping as well as torsional stiffness and torsional damping of the track segment links (cf. Fig. 1) .
The results obtained from experimental testing were used to adjust the tracked vehicle model parameters. For this purpose, an original in-house program was developed that couples simulations of the tested vehicle runs to the genetic algorithm included in the MatLab program optimization module. The program flowchart is presented in Fig. 6 . The genetic algorithm efficiency is highly dependent on its objective function, being the index of the model behaviour similarity compared to the real object.
There are many statistical indices defining the degree of the model similarity to empirical data. In this paper, an analysis is applied of correlations needed to construct the objective function by specifying the correlation coefficients.
The correlation between two random variables X and Y is a measure of the force (level) of the linear relation between the variables [8] :
where covariance of variables X and Y occurs in the numerator: Coefficient ρ is included in the interval 1 ;1 − . If ρ = 0, the variables are non-correlated. If ρ = −1, regression lines exhibit a negative inclination, which means that negative correlation is found. If ρ=1, the reverse is the case, which means that correlation is positive [8] .
The correlation coefficient described above was used to determine the index of similarity between the curves illustrating changes in linear displacement of the markers on the model body obtained from simulations and those obtained by means of video recording of the vehicle test run.
Markers A and B on the vehicle body (cf. Fig. 3 ) were used to compare the model to the experiment result.
Next, a column matrix was defined of design variables and intervals thereof which enable carrying out the simulation computation process and which are consistent with the design technological determinants:
where:
[ ] The estimation process using the optimization procedure was carried out based on the simulation of the vehicle run over the obstacle with the speed of 4 km/h. The objective function was defined in the form of the arithmetic mean of correlation coefficients of vertical displacement of markers A and B: 
Testing results
The numerical and experimental results are shown and compared to each other in the charts below. The charts present curves illustrating time-dependent changes in the vehicle body displacement, velocity and acceleration in relation to the global system of coordinates.
The presented curves were plotted for the run speed of 13 km/h. The correlation coefficients of marker A and marker B vertical displacement -ρ(y A (t)) and ρ(y B (t)) -in the case of the model are 0.94 and 0.87, respectively. 
Selection of the shock-absorber damping values
The tracked vehicle model treated as a dynamic system enables an analysis of characteristics such as transfer function or frequency curves.
The two characteristics are dependent on the properties of the system itself, but they are independent of the kind of the input functions applied thereto. In practice, the suspension optimal parameters are selected using methods of the statistical theory of springing, which involves determination of numerical characteristics of the road and off-road bumps distribution, such as the mean value, variance or standard deviation. The measured terrain samples are then classified into groups. An example classification may be the effect of the division of the terrain irregularities (with respect to specific standard deviation for example) into groups such as roads with slight irregularities, dirt roads and very bumpy roads. Owing to that, it is possible to generate a random function describing the terrain profile. There are studies concerning determination of numerical characteristics of the irregularity distribution of terrains for which special vehicles are designed. However, their findings are not disclosed to the public. Therefore, a method was put forward [4] of the damping value selection through an analysis of the variance of the body longitudinal inclinations Ψ=var[φ(t)] at a specific input function acting on the vehicle depending on its velocity [4] .
For this purpose, an input function model was used in the form of a field obstacle as presented in Fig. 3 . Analyses were conducted of the developed vehicle model in variants taking account of the change in the speed of the vehicle attack on the obstacle and the change in the damping value in shock-absorbers. Each simulation lasted 15 s. In every case, velocity ranged from 5 to 55 km/h and the simulations were performed with the step of 5 km/h. The analyses were conducted for different values of the damping coefficient, according to the variants listed in Table 1 .
Based on that, the velocity-dependent vehicle body variance of longitudinal inclinations Ψ=var[φ(t)] was determined (cf. Fig. 13 ).
Analysing the results, it can be observed that the variance of the body longitudinal inclinations illustrated by curve 4 is low for the entire range of the velocities under analysis. However, the damping value selection is also dependent on the vehicle purpose and determination of the velocity criterion for which the vehicle should exhibit smaller variance of the body longitudinal inclinations [5] .
Conclusions
The photogrammetric method made it possible to obtain results in the form of curves illustrating changes in displacement, velocity and acceleration of selected points of the tracked vehicle suspension body, which constituted the basis for verification of the assumptions adopted in the modelling process. The data obtained in this way were used for A universal method has thus been developed of selecting the track system parameters which are difficult to establish otherwise. The method can be applied in modelling dynamic phenomena in tracked vehicles and in the selection of operating parameters, such as the track tension degree or the damping value in shock-absorbers.
It also enables an analysis of phenomena occurring in wheeled vehicles, to identify the parameters of the tyre model for example. 
